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Plants not only produce oxygen, but also require molecular oxygen to live. Mitochondrial
respiration in plants heavily relies on oxygen, and when there is a lack, the plant undergoes
an energy crisis and other stresses, and a balancing act begins to ensure survival. When the
plant undergoes hypoxia, plant-specific group VII Ethylene Response Factors (ERF-VIIs)
regulate hypoxic response to aid plant survival. These transcription factors promote
expression of hypoxia-response genes. These transcription factors are regulated through the
N-end pathway. This pathway determines the fate of these proteins based on the amino acid
on the N-terminus.Under normoxia, a group of enzymes called Plant Cysteine Dioxygenases
(PCO) catalyse the oxidation of the N-terminal cysteine found in the ERF-VII RAP2.12 from
Cys to Cys-sulfinic acid with molecular oxygen as the co-substrate. This triggers a
degradation pathway for RAP2.12. Arginyl transferase (ATE1) arginylates the acidic
N-terminus, and is sent to the proteasome to get degraded. Under hypoxic conditions, there is
no molecular oxygen available, and PCO is unable to catalyse the oxidation of
RAP2.12.PCO1 was expressed in Escherichia coli cells and purified using StrepTrap™ HP.
This purified protein was used to define which PCO1 cysteines are potentially in a disulfide
bond. Disulfide bonds are important in redox signalling in the cytoplasm, and some cysteines
were found to be “blocked” and could potentially be bound in disulfide bonds. It was
concluded that the cysteines found in PCO are interacting with either another cysteine to form
disulfides, and it was hypothesised that this was important for redox signalling. Purified PCO
was tested using ferrozine and Ellman’s assays, and was unclear if it was kinetically active.
PCO1 constructs were fused with green fluorescent protein (GFP) using Multi-site Gateway®
Cloning to visualise which part of the protein localises PCO1 into the nucleus. GFP-PCO
constructs were transiently expressed in tobacco leaves and were visualised under confocal
microscopy. Full length PCO was found to localise exclusively in the nucleus, while the
N-terminus (NTD) and C-terminus (CTD) localised in both the nucleus and the cytoplasm.
The nuclear localisation signal (NLS) could not be defined exactly, and both the NTD and the
CTD are needed to localise the protein in the nucleus. Using a similar approach, RAP2.12
constructs were fused with tandemTOMATO to develop a RAP-reporter system in tobacco
leaves, visualised under confocal microscopy and quantified using fluorescence detection.
PCOs play a significant role in plant hypoxia response, and characterising these enzymes
could contribute to understanding how plants survive submergence tolerance. This is
important for agriculture, especially with increasing flooding events, and combining this
knowledge with biotechnology, submergent tolerant plants can be developed, to combat the
consequences of climate change and population growth.
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1.1 Oxygen in plants
In 1774, an English chemist, Joseph Priestley discovered that the “air” that the ancient Greeks
have identified as one of the four main elements is not just one substance, but a composition
of different ones. One of his most famous experiments, placing a mouse, a flame, and a plant
in a jar (Martin et al., 2012; Schofield, 2010; West, 2015) showed that exposing the plant to
sunlight allowed the flame to continue and the mouse to live. The plant released the needed
oxygen for both the flame and the mouse, through a process we now know as photosynthesis.
This is how plants produce food. Just like animals, plants also perform cellular respiration.
This process involves oxygen and not only do plants release oxygen, they also require oxygen
to live.
Oxygen is involved in several key metabolic processes, e.g. aerobic respiration, and reactive
oxygen species production. During aerobic respiration, oxygen acts as the terminal electron
acceptor in the electron transport chain (Millar et al., 2011). Without oxygen, oxidative
phosphorylation cannot occur, and the production of ATP will decrease dramatically and
prolonged hypoxia can cause an energy crisis. Anaerobic respiration will only produce 2 ATP,
while aerobic respiration will produce 38 ATP. Anaerobic respiration also produces ethanol,
and prolonged anaerobic respiration can cause an accumulation of ethanol, and not all plants
are ethanol resistant (Maricle et al., 2014). The plant would have to adapt to these to survive
(van Dongen & Licausi, 2015), e.g. decreasing ATP consumption to avoid energy crisis for as
long as possible (Geigenberger, 2003). A temporary period of hypoxia is not detrimental:
however, can have a negative impact on plant growth, prolonged hypoxia on the other hand,
can affect survival of the plant (Bailey-Serres et al., 2012; Fukao & Bailey-Serres, 2004).
Reactive oxygen species are produced as a natural by-product of various biochemical
reactions within the cell and within its organelles. They play a role in cell signalling and
homeostasis, and in some cases, during environmental stress. Under hypoxia, there is
evidence for mitochondrial ROS production for signalling in Arabidopsis (Chang et al.,
2012).
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Plants do not have a special oxygen delivery system that can efficiently distribute oxygen
throughout the plant. Photosynthetic parts of the plant will have oxygen as a by-product of
photosynthesis, while parts like the roots fully depend on environmental oxygen. This means
that some parts of the plant can be under oxygen shortage even in aerobic conditions, e.g.
roots can be competing with aerobic microbes in the soil, or be waterlogged, while the rest of
the plant remains exposed to the air. Roots are not usually adapted to survive hypoxic/anoxic
conditions, except for some species that naturally survive submerged environments (Planchet
et al., 2017). Having parts of the plant undergo hypoxia despite aerobic conditions, and other
events that can cause hypoxia calls for an extensive hypoxia response in place to ensure
survival of the plant.
1.2 Hypoxia response in plants
When the amount of molecular oxygen is reduced, metabolic processes that require oxygen as
a substrate are primarily impacted, and responses are required to delay cell death as much as
possible. There are several responses, some morphological, some metabolic, that the plant
employs to relieve or decrease the stress caused by hypoxia (van Dongen & Licausi, 2015).
Flood-tolerant plants employ two different strategies to survive submergence: dormancy
during flash floods, and escape during deep-water floods (Voesenek & Bailey-Serres, 2015).
During dormancy, growth is reduced and carbohydrate reserves are used instead of actively
respiring, responses against oxidative stress are also employed, and floral initiation is
inhibited (Peña-Castro et al., 2011). In contrast, the escape strategy increases rapid growth of
petioles and stems, and employs vascular changes to facilitate gas diffusion (Julia
Bailey-Serres et al., 2012). In rice, these strategies are regulated by ERF-VII transcription
factors SUB1A, SNORKEL1 and SNORKEL2. SUB1A promotes dormancy during hypoxia,
while SNORKEL1 and SNORKEL2 regulate escape (Hattori et al., 2009; Xu et al., 2006).
Transcriptome and translatome analyses in Arabidopsis reveals a group of 49 genes prioritise
translation in response to low oxygen stress (Mustroph et al., 2009). In plants, and
specifically Arabidopsis, hypoxia response is governed by a family of transcription factors
called group VII ethylene response factors.
1.2.1 ERF-VII transcription factors
There is a family of plant specific transcription factors called ethylene response factor (ERF)
that is involved in hormone responses, development and stress responses in plants, and one
group in particular, group VII, is involved in coordinating response to hypoxia response
(Loreti & Perata, 2020). They are characterised by a single DNA-binding protein domain, and
a N-terminal (Nt)-MCGGAII/L motif that is highly conserved and present in most flowering
plant species (Gibbs et al., 2011; Licausi et al., 2011). This highly conserved sequence was
found in phylogenetic analyses, and is a target for the N-end rule pathway for proteasomal
degradation (NERP), a conserved transcriptional response (Planchet et al., 2017). The
subfamily consists of three constitutively expressed RAP2.2, and RAP2.3 and RAP2.12, and
two hypoxia-inducible HRE1, and HRE2, where HRE1, RAP2.2, and RAP2.12 are syntenic,
and HRE2 and RAP2.3 evolving from a separate ancestral protein. The difference on how
each factor is expressed suggests the different ERF-VII transcription factors contribute
differently to hypoxia response. ERF-VII proteins are stabilised under hypoxic conditions and
express hypoxia response genes (Weits et al., 2014).
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RAP2.12 is one of the ERF-VII transcription factors that is involved in hypoxic gene
expression in ethylene response (Paul et al., 2016). RAP2.12 is stored in an inactive site in
the plasma membrane, under aerobic conditions and to move to the nucleus after short-term
hypoxia. Regulation of fatty acid profiles has been associated with hypoxic stress, and this is
a basis of a speculative model of hypoxia sensing, and how ERF-VIIs regulate intracellular
trafficking and activity. RAP2.12 levels are regulated by the oxygen-dependent oxidation of
its N-terminal cysteine that triggers a proteasomal protein degradation pathway called N-end
rule pathway. When oxygen levels decrease, the N-terminal cysteine cannot be oxidised,
RAP2.12 accumulates in the nucleus to express the genes to initiate hypoxia response (Gibbs
et al., 2015; Kosmacz et al., 2015). RAP2.2 and RAP2.12 would escape post translational
modification when oxygen is lacking and are transported into the nucleus to induce
expression of secondary ERFs such as HRE1 and HRE2. (Gibbs et al., 2011; Licausi et al.,
2011). Once oxygen levels have gone back to normal, RAP2.12 is degraded via the N-end
rule pathway (Kosmacz et al., 2015; Sasidharan & Mustroph, 2011).
1.2.2 N-end rule pathway
The N-end rule pathway determines the fate of a protein using the amino acid at its
amino-end (Bachmair et al., 1986; Gibbs et al., 2016; Graciet & Wellmer, 2010). The
ERF-VII transcription factors are regulated by this pathway. The N-terminal cysteine of the
ERF-VII transcription factor is a regulatory cysteine, the thiol group is sensitive to oxidation,
and can therefore be used in various redox reactions. Thiol-disulfide transitions are often
associated with redox regulation in plants. The N-terminal cysteine is exposed and acts as a
N-degron, a degradation signature, via cleavage of the N-terminal methionine by cytosolic
met aminopeptidases that recognise the highly conserved MCGGAI sequence (Gibbs et al.,
2011, 2014). The cysteine is then oxidised by plant cysteine dioxygenases (PCOs). This
recruits arginyl transferase (ATE1 and 2) and E3 ubiquitin ligase (PRT6) enzymes for
proteasomal degradation (Weits et al., 2014). When oxygen is reintroduced into the
environment, RAP2.12 was degraded within 3 h (Kosmacz et al., 2015). This rapid
degradation is to ensure that hypoxia responses are not expressed longer than they are
needed, and the plant can begin recovering from hypoxia.
1.3 Plant cysteine dioxygenase
Plant cysteine dioxygenase (PCO) is a non-haeme iron-dependent oxygenase. It oxidises the
N-terminal cysteine of an ERF-VII transcription factor to cysteine sulfinic acid (Weits et al.,
2014; White et al., 2017) by incorporating two oxygen atoms, this generates an N-degron in
an oxygen-dependent manner, preparing ERF-VII transcription factors for proteasomal
degradation. This N-terminal Cys-sulfinic acid gets arginylated by an arginyl transferase
(ATE1) (White et al., 2017). PCO oxidises the penultimate cysteine of ERF-VII transcription
factors by using oxygen as a co-substrate (Weits et al., 2014). Weits et al. (2014) have found
that PCO has a specific affinity for N-terminal cysteine over an internal or a C-terminal
cysteine. The presence of PCO under normoxic conditions suggest that these enzymes act as
a constitutive repressor of hypoxia response. PCOs could be a potential node in O2 signalling
and ROS homeostasis. 2-aminoethanethiol dioxygenase (ADO) catalyses a similar conversion




There are no current crystal structures resolved for PCO1, however, PCO2, 4 , and 5 have
been solved recently (Chen et al., 2020; White et al., 2020). PCOs appear to be functionally
homologous to the HIF hydroxylases in animals, which regulate hypoxia response as well.
PCO has a redox active iron that coordinates octahedrally in their active site with water,
which is subsequently displaced by the substrate and oxygen, causing substrate modification.
A His/His/His triad coordinates Fe(II), where the N-terminal cysteine binds in a bidentate
fashion through its amino and thiolate groups prior to oxygen.
PCO4 and PCO5 consist of a core double-stranded beta helix (DSBH, aka cupin fold) which
is representative of many non heme Fe-dependent oxygenases. The C-terminal loop border
along side of the active site opening, giving way for a large cavity which gives the potential
to accomodate a large substrate, in contrast to CDO C-terminal loop lies across the active site
forming a lid that restricts access to the catalytic metal. PCO4 and 5 have a hairpin loop
projecting from ß-strand VIII at the active site opening opposite to the C-terminal chain,
which suggests a role in substrate binding and recognition.This is not seen in rat CDO since
cysteine substrate requires fewer interactions closer to the catalytic centre. The metal cofactor
is bound along one face by His98, 100, and 164, and three well-ordered water molecules
occupy the remaining ligation sites of PCO4 and 5 (Chen et al., 2020; White et al., 2020).
1.3.2 Disulfide bonds
Hayes (2018) performed homology modelling of PCO1 and found several cysteines that are
in proximity from each other to form disulfide bonds. This is interesting since most
cytoplasmic proteins do not contain disulfide bonds due to the reducing environment of the
cytoplasm (Saaranen & Ruddock, 2013). Disulfide bonds play diverse roles in protein
stability and redox signalling (Bechtel & Weerapana, 2017; Fra et al., 2017). Cysteines go
through a range of modifications for stress and redox signalling (Go et al., 2015; Jacob et al.,
2006). They can be free, bound in disulfides, or in a higher oxidation state. Biological
stresses such as hypoxia produce reactive oxygen species (Fedoroff, 2006). Redox signalling
involves redox active disulfide bonds going through modifications and regulated by ROS or
reductases (Cremers & Jakob, 2013).
1.3.3 Nuclear localisation signal
N-terminal GFP fusion shows that PCO localises in the cytosol and the nucleus. (Weits et al.,
2014). Hayes (2018) has done a domain analysis and found a possible N-terminal nuclear
localisation signal (NLS). There are two types of NLS: monopartite and bipartite.
Monopartite NLS consists of a string of positively charged amino acids, whereas the bipartite
contains this string of basic amino acids, a 10-12 amino acid linker, and another string of
basic amino acids (Kalderon et al., 1984; Kosugi et al., 2009). Majority of proteins with a
NLS also have a DNA binding domain, and these regions overlap, which suggests a
secondary purpose for this sequence (Cokol et al., 2000). Hayes (2018) has also found that
the region where this hypothetic NLS is also binds DNA. The linker found in bipartite NLS
also interacts with DNA (Choo & Klug, 1993).
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1.3.4 Kinetics
PCOs show CSA synthetase activity and show that when cysteine is N-terminal, there is more
activity (Weits et al., 2014). Using LC-MS, PCOs 1-5 were shown to catalyse oxidation of
the N-terminal cysteine of RAP2.12. The first 14 aa of RAP2.12 are disordered with the
initiation methionine excised N-terminus of 2.2 and 2.12, exposing the N-terminal cysteine.
The activity of PCOs are pH dependent, this was tested between pH 6-9 and were found to
have preferred slightly basic pH -- 8 or 9. Different isoforms have different catalytic
capacities for RAP under aerobic conditions. The Kmapp O2 values for PCOs are consistent
with an oxygen sensing role; this was determined using steady state kinetic assays. PCO1/2
and 4/5  show different ERF VII substrate preferences, which suggests isoforms could have
different biological roles.
PCOs may be a viable target to stabilise N-end rule substrates, including ERF-VIIs to
enhance submergence tolerance (White et al., 2017).
1.6 Relevance of study
With increasing human population and climate change, the maintenance and development of
crops is more important than ever. The current population as of December 2020 is just over
7.8 billion, and is expected to surpass 10 billion by 2100 (Population: The Numbers, 2018).
With this increase in population, there will be an increased need for resources, one of them,
food. The Food and Agricultural Organisation of the United Nations have estimated that to
meet the needs of our growing population, agricultural production would have to increase by
50 percent (SDG 2. Zero Hunger, 2020). However, due to climate change, agricultural
production has become increasingly difficult.
Agricultural crops are also chosen to cope with drought and other abiotic stress,
therefore, will struggle to cope with environmentally driven hypoxia or anoxia (Bailey-Serres
et al., 2012;  Bailey-Serres & Voesenek, 2008; Licausi, 2013). Adaptation to low-oxygen is
increasingly becoming important for crop-performance. It is important to understand down to
the molecular level of how hypoxia response works in preparation for reoxygenation.
Understanding these key aspects can help drive a breeding programme to select for crops
with better crop performance in several abiotic stresses.
1.7 Aims
The aim of this project was to characterise PCO in vivo, its structure, and how that relates to
its activity. There are several objectives investigated. Developing a reporter system using the
ERF-VII transcription factor, RAP2.12, and determining the nuclear localisation signal
(NLS), and visualising these under confocal microscopy. Finally, characterising the potential
disulfide bonds present in PCO using mass spectrometry, and testing the kinetic parameters
through colorimetric assays.
Using Multi-site Gateway® Cloning, GFP-PCO and tdTOM-RAP2.12 fusions were made
and transient expression of PCO and tdTOM-RAP2.12 constructs in tobacco leaves and
visualised using confocal microscopy and quantified using fluorescence detection to develop
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a reporter system for PCO in vivo. A similar approach was used to characterise the NLS using
transient GFP-PCO constructs.
PCO with a Strep tag was expressed and purified using StrepTrap™ HP. Kinetic assays were
used to test the activity of the purified PCO. To characterise the potential disulfide bonds in
PCO, differential labelling of its cysteines with iodoacetic acid and peptide fragments were
analysed via mass spectrometry.
Characterising PCO and understanding how it gets activated through redox signalling via its
disulfide bonds, how it localises in the nucleus, and how it interacts with its substrate,
RAP2.12, might shed light on its role in oxygen sensing and hypoxia response. This would
enable developing plants that can survive oxygen deprivation, e.g. water submergence, better,
due to climate change and increasing flooding events. Or perhaps developing crops grown
similarly to rice plants. When rice paddies are usually flooded since rice is more tolerant to
the flood,any competing weeds would not normally survive, thus eliminating the need for





2.1.1 List of reagents
Table 2.1.1 List of reagents
Reagent Supplier
5,5-dithio-bis-2-nitrobenzoic acid (DTNB) Sigma
Acrylamide (30% acrylamide/bis solution 37.5:1) Bio-Rad
Agar Bacteriology grade Lab Supply
Agarose low electroendosmosis (EEO) Lab Supply
Ammonium acetate Scharlau Chemie
Ammonium iron (II) sulfate Thermofisher
APS (Ammonium persulfate) Bio-Rad
BME (ß-mercaptoethanol) Sigma
Broad range molecular weight marker Bio-Rad
Bromophenol blue VWR
Calcium chloride VWR
Chelex® 100 resin, styrene divinylbenzene copolymer Bio-Rad
Coomassie blue (Coomassie blue G250) VWR
Deoxycholate (DOC) Sigma
Diethylenediamine penta-acetic acid (DTPA) Thermofisher
Disodium hydrogen phosphate VWR
Dithiothreitol (DTT) Roche
EDTA (Ethylenediaminetetraacetic acid) VWR






Hydrochloric acid (HCl) VWR
Iodoacetic acid C-12 Sigma
Iodoacetic acid, 2-C13 labelled Sigma
Iron (III) chloride Sigma




MQ (18.2 MΩ.cm water) Merck
Peptone from casein, tryptone Merck
Polyethylene glycol (PEG) 8,000 Sigma
Propan-2-ol Scharlau Chemie
Protease inhibitor cocktail (cOmplete, EDTA free) Roche
SDS (Sodium dodecyl sulfate) Merck
Sodium acetate Merck
Sodium chloride Merck
Sodium dihydrogen phosphate VWR
Sodium hydroxide pellets Scharlau Chemie
Sulfuric acid VWR
TEMED (Tetramethylethylenediamine) VWR
Tris (Trisaminomethane) Lab Supply
TWEEN® 20 Sigma
Yeast extract, granulated Merck
2.1.2 E. coli strains used
Table 2.1.2 List of E. coli strains used








Table 2.1.3 List of plasmids used
Plasmid Antibiotic resistance Supplier
pET-21a with A. thaliana PCO1 Ampicillin GenScript
2.1.4 Antibiotic stocks
Table 2.1.4 List of antibiotic stocks








2.2.1a Bacterial transformation for protein expression
Method described below is a variation on protocol described by (Sambrook et al., 1989).
1 µL of stock plasmid was added to a 50 µL aliquot of competent BL21(DE3) E. coli cells.
This was then incubated on ice for 30 min, then samples were subjected to heat shock at 42˚C
for 45 s. Samples were incubated on ice for 2 min before 500 µL of lysogeny broth (LB) was
added, and incubated on a 200 rpm shaker at 37˚C for 1 h. Samples were pelleted and
resuspended in 50 µL of LB and plated on agar plates containing the appropriate antibiotics
(Ampicillin for PCO1 expression).
Lysogeny broth (LB) (1x)
1 % (w/v) peptone
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1 % (w/v) sodium chloride
0.5 % (w/v) yeast
To make agar plates, add 1.5 % (w/v) agar prior to autoclaving
Protocol was performed under aseptic techniques. LB and agar plates were sterilised prior.
and antibiotics were added once the media had cooled down to touch. Plating stock cells on
antibiotic free plates served as positive control, while stock cells on plates containing
ampicillin served as a negative control. Colonies that are resistant to the correct antibiotic
will contain the desired plasmid for protein expression.
2.2.1b Protein expression
Brooke Hayes (Hayes, 2018) had designed the PCO1 constructs that were used in analyses,
using the genes described by Weits et al., 2014 and were ordered from GenScript. These
constructs were designed to contain a C-terminal Strep-tag for purification using affinity
chromatography.
To obtain purified protein, PCO1 was first expressed by transforming plasmids containing the
coding sequence into E. coli BL21(DE3) strain. For a large scale preparation, 1 L of 1x LB
(kept at 37˚C) with ampicillin (final concentration of 10 µg/ mL ) was inoculated with 10 mL
of an overnight culture of the transformed colony. Flasks were then incubated at 37˚C on a
200 rpm shaker, once the OD600 of the bacterial culture reached 0.6-0.7, it was induced with 1
mM (final concentration) IPTG at 18˚C for 6 h (Hayes, 2018). Cells were then pelleted at 4˚C
at 6000 g for 15 min. Cell pellet was stored at -20˚C until required. The full length PCO1 was
used for analysing the disulfide patterns found in PCO1 via mass spectrometry, and
characterising its kinetic profile.
2.2.1c Cell Lysis
Strep binding buffer (10x)
1       M Tris pH 8
1.5    M NaCl
10  mM EDTA
Cell lysis buffer (1x)
4.1  mL Strep binding buffer (10 x)
203  µL TWEEN®20
600  µL 300 mM DTPA
10
22.7 mL MQ water
1 tablet cOmpleteTM, Mini, EDTA free Protease Inhibitor Cocktail
10 g of cell pellet per 30 mL of cell lysis buffer was homogenised using a Dounce
homogeniser. Lysate was sonicated using a Sonifier® at 40 % amplitude at 1 s interval
pulsing for 5 min. Lysate was then centrifuged at 6000 g at 4˚C for 30 min to remove cell
debris.
2.2.1d Protein purification
Protocol used was developed from the product manual of StrepTrap™ HP, 1 mL and 5 mL
(GE Healthcare). PCO1 constructs were designed with a C-terminal Strep-tag, and for this
purification protocol, the 5 mL StrepTrap™ HP column was used.
Buffers used:
Binding buffer Refer to recipe in previous section (2.2.1c Cell Lysis)
Elution buffer 2.5 mM desthiobiotin in binding buffer (10x stock)
Regeneration buffer 0.5 M NaOH
Storage buffer 20% EtOH
MQ water
Purification was carried out at room temperature at a flow rate of 5 mL.min-1 (as per
manufacturer’s suggestion). Samples were centrifuged and filtered through a 0.45 µm filter
prior to application. Column was equilibrated with 5 column volumes (CV) of binding buffer
before sample application. Sample application was done through the sample pump of the
AKTA Pure. The column was washed with 10 CV of binding buffer to ensure that any
unbound material was washed off before elution. Any bound material was then eluted with 6
CV of elution buffer. The column was regenerated with 3 CV of MQ, followed by 3 CV of
regeneration buffer, and another 3 CV of MQ. Fractions from the whole run were collected in
1.5 mL aliquots.
Column was re-equilibrated with binding buffer before next use, or stored in 20 % EtOH at
4˚C.
2.2.1e SDS-PAGE
15 % acrylamide Laemmli-style gels based on Protein methods by (Bollag et al., 1996) were
used. Gels were made using Hoefer® multiple gel caster SE275 by pouring 27 mL of the
resolving gel mixture into the  4 gel multi-caster. Isopropanol was pipetted on to ensure that
each gel was set evenly. Once polymerised, the isopropanol was poured out and washed off
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with MQ. Excess MQ was then blotted dry using pieces of filter paper. Stacking gel mixture
was then poured on, and combs were inserted.
Table 2.2.1 Resolving gel recipe (4x gels)
Buffer Stock
concentration
Volume used (mL) Final concentration
Tris, pH 8.8 1.5 M 7.5 0.375 M
Acrylamide/ 37.5:1 30 % 15 15 %
SDS 10 % 0.3 0.1 %
MQ 7.2
Mix well, and add APS and TEMED immediately before pouring.
APS 10 % 0.3 0.1 %
TEMED 0.03
Table 2.2.2 Stacking gel recipe (4x gels)
Buffer Stock
concentration
Volume used (mL) Final concentration
Tris, pH 6.8 0.5 M 3.75 0.125 M
Acrylamide/ 37.5:1 30 % 2 4%
SDS 10 % 0.150 0.1 %
MQ 9.1
Mix well, and add APS and TEMED immediately before pouring.
APS 10 % 0.3 0.2 %
TEMED 0.03
Samples were then prepared with a sample buffer at a 1:4 ratio, heated at 95˚C to ensure that
the protein is completely unfolded. The Bio-Rad broad-range molecular weight marker was
used as per manufacturer’s instructions. All gels were run using the Hoefer® system, and
SDS-PAGE running buffer, at 100 V until the dye front had reached the base of the resolving
gel.





0.6 1 M Tris pH 6.8 60 mM
1 20 % SDS 2 %




5.5 50 % glycerol 27.5 %
1.5 BME - added prior to use 15 %
1x SDS-PAGE running buffer
195 mM glycine
50   mM Tris
1 % w/v SDS
Gels were stained using Coomassie Blue for 30 min, and were soaked in destain to remove
excess stain. Gels were imaged using LabScan then stored in water if needed.
Coomassie Blue stain
250 mL Isopropanol
100 mL Acetic Acid
0.5  g Coomassie Brilliant Blue R250
Made up to 1 L with MQ and filtered through 0.2 µm Whatman paper
Destain
100 mL Isopropanol
140 mL Acetic acid
50   mL Glycerol
1.71   L MQ
2.2.1f Ferrozine assay
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PCO1 requires a stoichiometric amount of bound iron to be enzymatically active, and for
kinetic analyses, it is important to measure the amount of PCO1 present in a reaction.
Ferrozine assay measures the amount of iron (II) in a solution. Ferrozine forms a soluble
complex with ferrous iron and measured at 562 nm (Stookey, 1970). This was used to
estimate the amount of iron in a PCO1 aliquot, and since iron is bound stoichiometrically, this
estimates the amount of active PCO1 in solution.
Chelex resin preparation
25 mL of 100 mM Tris-HCl pH 8 was added to 25 mL of Chelex resin and mixed vigorously.
The resin was then spun down at 3220 g for 5 min and excess buffer was poured off. This
wash step was repeated thrice, and finally another 25 mL of fresh 100 mM Tris-HCl pH 8
was added. Resin was stored at 4˚C for up to 30 days.
A stoichiometric amount of ammonium iron (II) sulfate was added to purified PCO1 for it to
be active, and was left to incubate on ice for 10 min. In 0.2 µm spin filters, 1 mL of resin mix
(1:1 mix of resin to buffer) was added, and was spun until dry. Samples were then loaded
onto the resin to remove excess iron that was not successfully bound to PCO1. A maximum
of 200 µL was loaded to ensure that the resin was not oversaturated. Sample was obtained
through centrifugation at 13000 g for 2 min. These samples were now available for the
ferrozine assay.
Ammonium iron (II) sulfate 30 mM stock
11.8 mg ammonium iron (II) sulfate
1      mL MQ
Prepared fresh due to iron (II) being readily oxidised to iron (III) over time.
Sample preparation
5 µL of 100 mM Tris-HCl pH 8 and 5 µL of sulfuric acid were added to 5 µL of sample (or
Tris-HCl for negative control) and incubated at 97˚C for 30 min. Samples were then
centrifuged at 13,000 g for 1 min. One hundred- forty µL of ferrozine reagent was added to
the sample, and immediately vortexed. One hundred- twenty µL of samples were measured in
a 96-well plate at 562 nm to measure the reaction and at 750 nm to measure any air bubbles
or inconsistencies in the sample. Standard curve was done with varying concentrations of
ammonium iron (II) sulfate stock (see Chelex resin preparation section for recipe). Data
analyses were done on Microsoft Excel 7and GraphPad Prism.
Ferrozine reagent
200 µL 37 mM Ferrozine
200 µL 1.14 M Ascorbic acid
1     mL 2      M Ammonium acetate pH 9
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2.2.1g Ellman’s assay
At the very core of the reaction of PCO1, it oxidises the thiol group of the N-terminal
cysteine of its substrate, forming a sulfonyl group. In vivo, this triggers a degradation
pathway for the target transcription factor. To measure this activity in vitro, Ellman’s assay
was employed. Ellman’s assay measures the free thiol groups in solution, effectively
measuring the available substrate in the reaction tube. The free thiol groups react with DTNB
to form thiobenzoate (TNB) which is yellow, and can be measured at 412 nm (Nieri et al.,
2017). As PCO1 activity occurs, the availability of cysteine decreases.
To measure kinetic activity, reactions were set up with varying concentrations and types of
substrates, and varying amounts of PCO1. Two and a half µL samples of these reactions were
taken every 15 s and were added to 97.5 µL of reagent in a 96-well plate. Addition of the
sample to the reagent quenches the enzymatic reaction. Assays were conducted in a dark box
due to photosensitivity. Absorbance was measured at 412 nm to measure the reaction and at
750 nm to measure any inconsistencies in the samples. Varying L-cysteine concentrations
were used as a standard curve for the assay. Measurements were done on a MultiSkan GO




2.9   mg EDTA
50    mL 100 mL sodium phosphate pH 7.5
2.2.1h Mass spectrometry
Differential labelling
PCO1 samples were sent to the Centre for Protein Research facility at the University of
Otago for disulfide bond patterns. An initial Bradford assay was done to determine the initial
protein concentration for each sample. Samples were differentially labelled light (C-12) and
heavy (2x C-13) iodoacetic acid (IAA). Samples were initially treated with 10 mM light IAA
and incubated in the dark at room temperature for 10 min. Samples were then buffer
exchanged with 100 mM TEAB and treated with 5 mM of TCEP and were incubated for 10
min at RT. Finally, samples were treated with 10 mM heavy IAA and were incubated for 10
min in the dark at RT. Samples were buffer exchanged to TEAB. Another Bradford assay was
done to measure the amount of protein recovered.
LTQ Orbitrap MS
Samples were digested using trypsin or chymotrypsin and purified using a C18 column with
0.2 % formic acid (buffer A) and acetonitrile with 0.2 % formic acid (buffer B). The C18
column was coupled to the nano-electrospray source of a LTQ-Orbitrap XL hybrid mass
spectrometer.
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Mass spectrometry was done in the Orbitrap mass analyser, and the top strongest signals were
selected for CID-MS/MS.
2.2.2 Molecular biology
2.2.2a Competent cell preparation
E. coli strain DH5α was used in generating expression vectors and Agrobacterium
tumefaciens was used for infiltrating Nicotiana benthamiana leaves with these expression
vectors. Both strains of bacteria were obtained from the Brownfield Lab, the Inoue method
for preparation of competent cells was used (Inoue et al., 1990).
For this method, 25 mL of LB was inoculated with a single colony that has been grown for
16-20 h on agar at 37˚C. The culture was then incubated at 37˚C for 6-8 hOne hundred00 mL
of fresh LB was inoculated with 4 mL of the starter culture, and was incubated overnight at
22˚C. At OD600 of 0.55, cells were harvested into two 50 mL Falcon tubes by centrifugation
at 2500 g for 10 min. Supernatant was poured off, and cells were dried by inverting the tubes
on a paper towel. Cells were resuspended gently in 16 mL (per tube) of Inoue buffer, and 0.3
mL of DMSO was added. Culture was kept on ice for 10 min and aliquoted into 50 µL and
snap frozen for long term storage at -80˚C.
Table 2.2.4 Inoue buffer recipe
Components Stock concentration (M) Volume
(mL)
Final concentration (mM)
MnCl2 1 2.75 55
CaCl2 1 0.75 15
KCl 1 12.5 250
PIPES 0.5 1 10
Water 33
2.2.2b Transformation for Multi-site Gateway® cloning
For DH5α transformation, the protocol followed was similar to the method described in
section 2.2.1a Bacterial transformation for protein expression which uses the BL21(DE3)
strain for protein expression.
For TOP10 E. coli cells transformation, methods described in the One Shot™ TOP10
Chemically Competent E. coli manual were used. This protocol was similar to that previously
for DH5α and BL21(DE3) transformation, except for the heat shock step. Heat shock was
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only done for 30 s instead of 45 s. S.O.C. medium as provided by the manufacturer was used
instead of LB.
2.2.2c Plasmid preparation
For plasmid isolation, two plasmid prep kits were used, ZR Plasmid Miniprep and
PureLink™ HiPure Plasmid Miniprep Kit for high purity isolations. Protocols for isolation
were provided by the manufacturers and were not altered in any way.
2.2.2d Multi-site Gateway® cloning
Multi-site Gateway® Cloning was used to generate expression clones used in several
fluorescence experiments including confocal microscopy and fluorescence assays done in N.
benthamiana leaves.
Fragment design and PCR amplification of DNA
Different constructs of PCO1 designed to contain flanking attB sites were ordered from
GeneWiz and GenScript. The flanking attB sites allow specific recombination to occur
between the desired fragment and the donor vector containing attP sites via BP reaction.
Construct: PCO1 Supplier: GeneWiz



















Construct: NTD Supplier: GeneWiz
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Construct: CTD Supplier: GeneWiz
















Construct: NLS in pUC57* Supplier: GenScript




* NB: NLS was in pUC57 due to GenScript providing the construct in plasmid form unlike
the other constructs which were purchased as linear pieces of DNA.
For cloning the transcription factor, RAP2.12, primer pairs were designed to flank the
genomic DNA sequence with overhanging attB sites. Primers for the NLS construct were
also designed, due to some difficulties with the plasmid ordered from GenScript. Primers
were all ordered from IDT.
Table 2.2.5 Primers ordered from IDT












PCR used a high fidelity polymerase to reduce the incorporation of incorrect nucleotides.
Conditions and recipes were based on the 50 µL reaction mix from the Invitrogen™
Platinum™ Taq DNA polymerase High Fidelity protocol. Extension time was based on the
length of target DNA at a rate of 1 min/kb.
Table 2.2.6 PCR reaction mix for Invitrogen™ Platinum™ Taq DNA polymerase
High Fidelity
Component Volume (µL) Final concentration
10x High Fidelity PCR buffer 5 1x
50 mM MgSO4 2 2 mM
10 mM dNTP mix 1 0.2 mM each
10 µM forward primer 1 0.2 µM
10 µM reverse primer 1 0.2 µM
Template DNA varies <500 ng
Distilled water To 49.8 µL
Mix reaction well, and add polymerase last.
Platinum™ Taq DNA polymerase High Fidelity
(5 U/ µL)
0.2 1 U / reaction
Recombination reaction to generate entry clones (BP reaction)
DNA fragments and PCR products with attB sites were used in a BP reaction. This reaction
involved recombination of the target DNA with a donor vector using attB and P sites, hence
BP reaction. This reaction was carried out using the enzyme BP Clonase II (Life
technologies).
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Table 2.2.7 BP reaction mix
Component Volume
Gene fragment/ PCR product varies
Water Up to 4 µL
BP Clonase II 1 µL
Total volume 5 µL
Reaction mix was incubated overnight at 25˚C. Reaction was stopped with 0.5 µL of
proteinase K, and incubated at 37˚C for 10 min. The BP reaction would yield plasmids that
may or may not contain the correct donor clone. Three µL of the reaction mix was then
transformed into DH5α strain of E. coli. Kanamycin was used to select for the correct
plasmid. Colony PCR (see section 2.2.2e) was employed to screen potential colonies, and the
plasmid of the correct colonies were isolated using plasmid prep kits.
For a 5 µL reaction, 25 fmol of DNA is required. To calculate the amount of DNA required:
DNA required in ng = (fmol)(N)(660fg/ fmol)(1ng/ 106 fg); where N is the size of DNA in bp




pDONR P4P1R - UBQ10 Ubiquitin promoter cloned to the
N-terminus of PCO1 constructs, used for
defining the NLS. Contained a variation of
attB sites present in PCO1 and RAP




pDONR P4P1R - UBQ14 Ubiquitin promoter cloned to the
N-terminus of RAP2.12 constructs, used for
fluorescence assays. Containing a variation
of attB sites present in PCO1 and RAP
constructs, this allowed for a multi-site LR
reaction.
pDONR P2RP3 - GFP Green fluorescent protein cloned to the
C-terminus of PCO1 constructs, used for
visualising localisation of the construct
under confocal microscopy. Containing a
variation of attB sites present in PCO1 and
RAP constructs, this allowed for a multi-site
LR reaction.
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pDONR P2RP3 -tdTOM Red fluorescent protein cloned to the
C-terminus of RAP2.12 constructs, used for
measurement in a fluorescence assay.
Contained a variation of attB sites present in
PCO1 and RAP constructs, this allowed for
a multi-site LR reaction.
pDONR 221 - PCO1 Full length PCO1, used for NLS








pDONR 221 - CTD Nucleotide 159-880 of full length PCO1,
used for NLS characterisation.
pDONR 221 - NTD First 171 nucleotides of full length PCO1,
used for NLS characterisation.
pDONR 221 - RAP_WT Wild type RAP2.12 amplified from A.
thaliana cDNA. Used in fluorescence
assays to develop a RAP reporter system.
pDONR 221 - RAP_C2S Modified RAP2.12 that has  a N-terminal
serine instead of cysteine (C2S). Amplified
from A. thaliana cDNA using a primer that
has been modified to code for the mutation.
Used in fluorescence assays to develop a
RAP reporter system.
Generation of expression vectors via LR reaction
Donor clones were recombined with an expression vector to create an expression clone that
contained a N-terminal promoter, target protein, and a C-terminal fluorescent tag. This
reaction was catalysed by an enzyme called LR Clonase II Plus (Life technologies).
Multi-site reactions allow multiple donor clones flanked by varying att sites that allow
recombination into an expression vector in a predefined order and orientation to create an
expression clone. Three µL of reaction was transformed into TOP10 cells, due to the demand
for higher cell competency. Spectinomycin was used to select for correct colonies.
Table 2.2.9 LR reaction mix
Component Volume  (µL)
Expression vector 1
Promoter donor clone 1
Target protein donor clone 1
Fluorescent protein donor clone 1
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LR Clonase II Plus 1 (stored as 1 µL aliquots at -80˚C)
Total volume 5
For a 5 µL reaction, 10 fmol of the expression vector and 5 fmol of each entry clone is
required. Stocks of 10 fmol/ µL of the expression vector, and 5 fmol/ µL of all entry clones
were made.




UBQ10: FL: GFP pK7M34GW PCO1 constructs fused to a

















pH7M34GW RAP2.12 constructs fused to a








35S: PCO1 pK7M24GW Full length PCO1 fused to a
N-terminal 35S promoter,
does not contain a C-terminal









LR Clonase II was
used instead of LR
Clonase II plus.
UBQ10: H2B: RFP Histone protein fused to a





35S: GUS Used as negative control for
RAP reporter system
fluorescence assays.
35S: PAP Transcription factor PAP
fused to a N-terminal 35S
promoter. This transcription
22
factor activated the DFR
promoter (in DFR:H2B:RFP).
Used as a part of the positive
control for the RAP reporter
fluorescence assays.
DFR: H2B: tdTOM Transcription factor, PAP,
activated. Expressed
H2B:tdTOM when PAP is
present. Used as a part of the
positive control for the RAP
reporter fluorescence assays.
2.2.2e PCR colony screening
PCR colony screening was done using the 25 µL reaction mix from Invitrogen™ Platinum™
Taq DNA polymerase protocol. PCR mix was inoculated with a single colony, and several
random colonies were chosen for screening. M13 primers were used for this screening.
Table 2.2.11 PCR reaction mix for Invitrogen™ Platinum™ Taq DNA polymerase
Component Volume (µL) Final concentration
10x PCR buffer, — Mg 2.5 1x
50 mM MgCl2 1.5 2 mM
10 mM dNTP mix 0.5 0.2 mM each
10 µM forward primer 0.5 0.2 µM
10 µM reverse primer 0.5 0.2 µM
Template DNA varies <500 ng
Distilled water To 24.9 µL
Mix reaction well, and add polymerase last.
Platinum™ Taq DNA polymerase (5 U/ µL) 0.1 1 U / reaction
2.2.2f DNA gel electrophoresis
DNA samples were loaded on to 1 % agarose gels analysis. Gels were prepared by heating
the mixture for 1 min in the microwave, or until agarose has fully dissolved. RedSafe stain
was added after the mixture has cooled down enough to touch.
1 % Agarose gel
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25 mL TAE buffer
0.25 g agarose
Add 1.3 µL RedSafe stain after mixture had cooled down
Samples were run at 100 V for 40 min with TAE buffer and imaged using the BioRad® Gel
Doc system. The ladder used was Invitrogen 1 kb plus DNA ladder, and was prepared as per
manufacturer’s instructions.
2.2.2g Agrobacterium transformation
For A. tumefaciens transformation, a modified freeze-thaw method was used. One to three µL
of plasmid was chilled on ice for 20 min, and was added immediately to a frozen 50 µL
aliquot of cells. This was then incubated at 37˚C for 5 min. Five hundred µL of LB was
added, and was incubated at 28˚C for 2-4 h. Cells were plated in LB agar plates containing
rifampicin, gentamicin, and spectinomycin. Plates were grown for 2-3 days, incubating at
28˚C.
2.2.2h N. benthamiana growth, infiltration, and sampling
Growth conditions
Plants were provided by Dr. Shiny Varghese from the Brownfield Lab, and were grown at
21˚C for 16 h daylight/ 8h dark cycle.
Infiltration
N. benthamiana leaves were infiltrated with A. tumefaciens cells transformed with the
expression clones made. LB agar plates with the appropriate antibiotics (RGS plates) were
streaked with A. tumefaciens cells containing the appropriate expression clone, and left to
grow at 28˚C for 2-3 days. Colonies were restreaked onto fresh plates containing the
appropriate antibiotics and incubated at 28˚C for 16-20 h before infiltration.
Plants were watered 2 h before infiltration. A full loop of A. tumefaciens cells containing
expression clones from the overnight plates was resuspended in 15 mL of infiltration buffer
and incubated at room temperature for 2 h on a rotor. Cultures were diluted with the
infiltration buffer to achieve OD600 of 0.5. For co-infiltrations, cultures for each expression
clone were made up to an OD600 of 0.5 and were mixed at 1:1 ratio. Plants were infiltrated
using a syringe (without the needle) on the underside of the leaves, and fluorescence was
measured on the 4th day after infiltration. Infiltration with the buffer containing no cells was
used as a negative control.
Infiltration buffer
0.5 mL 1 M MgCl2
5 µL Acetosyringone
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Make up to 50 mL with distilled water
Sampling
Samples of leaves were obtained by punching a hole on the leaf, and putting the leaf
(underside up) on a microscopic slide. A few drops of water was added, and the cover slip
was sealed onto the slide using nail polish. Some samples were added into a black 96-well
plate (underside up) with 50 µL of water. This was used in the fluorescence assays done on a
96-well plate fluorescence detector.
2.2.2i RAP fluorescence assay
GFP was measured at 490 nm excitation and 520 nm emission, with a gain of 1500. RFP was
measured at 550 nm excitation and 590 nm emission, with a gain of 2500. Each well had 10
flashes with a settling time of 0.2 s. Data analysis was done on Microsoft Excel.
2.2.2j Confocal microscopy
The different leaf disks from different infiltrations were visualised by confocal laser scanning
microscopy (CLSM). An Olympus FluoView FV1000 microscope with Olympus FluoView
software and Olympus BX61 camera with a 60X oil objective was used. A 473 nm laser was
used for GFP excitation with detection between 485 and 494 nm with the sensitivity of the
photon multiplier detector altered between 500 and 650 mV depending on signal strength.




Kinetic activity and potential disulfide
bound cysteines of PCO
3.1 Protein purification
After expression, cells were lysed by sonication and intracellular proteins were released.
Insoluble proteins were removed with other cell debris through centrifugation, and the
supernatant containing the soluble intracellular proteins were purified using affinity
chromatography. Due to the C-terminal Strep-tag that was fused to PCO1, we were able to
selectively bind PCO1 using a StrepTrap HP column, and proteins that did not contain the tag
were unable to bind, and were washed off. The protein was then eluted using an elution
buffer, and used for further analyses.
The first peak represents the flow through of the purification, these are the molecules that
failed to bind to the resin, and just passed through the column. The second peak at about
40-60 mL was not known, and was loaded on to an SDS-PAGE gel to visualise what is
present in these fractions. The main peak at 80 mL was the expected peak for PCO1, this
peak was from the elution step where bound proteins are eluted from the column. The last
two peaks at around 120 mL contain the molecules that were strongly bound to the resin, and
were eluted during the regeneration step with NaOH.
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Figure 3.1 StrepTrap HP purification of PCO1 on AKTA Pure System. Sample
was applied to the column at 0 mL, and 1.5 mL fractions were collected from every run.
Black line represents the absorbance at 280 nm (mAu). Grey lines above the chromatogram
represent the equilibration step, the first one with binding buffer, and the last two with MQ
water. Blue line represents the column wash step, and green represents regeneration of
column with NaOH. Red represents the elution step, and the peak at this step represents the
eluted protein, which was the purified PCO1.
Figure 3.2 SDS-PAGE of StrepTrap HP purification of PCO1. Gel relates to Fig. 3.1
chromatogram. Lane M represents the molecular weight marker. Lane 1 contains the
insoluble proteins, lane 2 contains the cell lysate (supernatant containing soluble proteins),
and lane 3 is the flow through (first peak on the chromatogram). Lanes 4 and 5 are from the
small hump before the main peak (elution volume of 40-60 mL). Lanes 6 and 7 are from the
main peak. The red circle indicates PCO1 at 36 kDa.
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Lanes 1 and 2 show the pre-purification steps. Lane 1 contained the insoluble pellet after
sonication, and also contained cell debris that were removed from the cell lysate via
centrifugation. Lane 2 contained the supernatant obtained after removing the insoluble
material, this was the starting material for the purification that contained all the soluble
proteins. Lane 3 contained the flow through, this would be all the proteins and other material
such as DNA that would not bind to the column. Any PCO1 present in this fraction would be
due to the resin being oversaturated and excess PCO1 that did not bind to the resin, which can
be seen in Fig. 3.2, there was a band at the size expected of PCO1. Lanes 4 and 5 were from
the slight hump present during the column wash. This would be more proteins that were not
bound tightly to the resin, and were washed off with the column wash. Fig. 3.2 showed that it
might be PCO1, but only minute amounts of it that might not have bound properly to the
resin. Lanes 6 and 7 were from the main peak obtained from the chromatogram. This was the
peak from the elution step, and contained the purified PCO1. The PCO1 purified from this
peak was bound to the resin, and eluted using the elution buffer. The fractions from this peak
were pooled together and used for further analyses, such as kinetic experiments, and disulfide
bond pattern analysis via mass spectrometry.
3.2 Kinetic analysis of PCO1
Characterising the kinetic parameters of an enzyme is essential to understand how the
enzyme functions, and how external factors will affect this. PCO enzymes oxidise group VII
ethylene response transcription factors, and to measure the kinetic parameters of PCO1, the
penultimate N-terminal amino acids (CGGAI) of RAP2.12 were used as substrate.
To test if the purified PCO was kinetically active, two assays were employed: Ferrozine and
Ellman’s assay. Ferrozine assay measures the presence of iron (II) in a solution, this was used
to estimate the concentration of active PCO1 in solution. PCO1 binds iron (II)
stoichiometrically in order to be active. Stoichiometric amounts of iron were added to the
sample, excess iron was removed using Chelex resin. The amount of iron left in the sample
was then assumed to be the iron bound in kinetically active sites. The amount measured for
the sample was then taken to be the “working concentration” for PCO, and was used to
calculate the amount of  active PCO to be used in Ellman’s assay. Ellman’s assay was used to
measure the amount of “free” thiol in solution. This “free” thiol group would be the cysteine
present in the substrate that has not been oxidised by PCO1. The reaction was set up in a
tube, and 15 s timepoints were taken. The reaction was quenched by the Ellman’s reagent,
making it an end-point assay that measures the substrate not the product.
An initial titration was done to measure the relationship of the concentration of enzyme and
the velocity of substrate consumption (Fig. 3.3). Different concentrations of PCO were set up
with 15 mM of substrate. Appendix 1 shows the raw data for all PCO concentrations. The
starting substrate concentration for each assay seems to differ (Appendix 1), this might be
due to substrate oxidation over time. The relationship of the titration was not linear, and
several replicates were done, and were still unsuccessful. It was inconclusive whether the
purified PCO was kinetically active. Substrates (Appendix 1) get depleted over time,
however, it was unclear if this was due to enzyme activity or due to substrate oxidation over
time. Data for 8 µM of PCO1 was omitted because it was an outlier.
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Figure 3.3 PCO1 titration with pentapeptide substrate. Velocity for substrate
depletion using 1, 2, 4, 6, and 10 µM. Data at 0 µM was used as a baseline to account for
substrate oxidation over time. Data set for 8 µM of PCO was omitted. Data were graphed and
analysed using GraphPad Prism.
For future attempts, different lengths of substrate can be used, and perhaps a better way of
testing the working concentration of PCO, one that does not rely on the assumption that every
iron measured is an active site. Steps to minimise substrate oxidation can also be taken to
minimise bias.
3.3 Potential disulfide bond in PCO analysis
Disulfide bonds formed between two cysteines are very important in the tertiary structure of
proteins. This plays an important role in protein stability or in more recent findings, redox
signalling. PCOs are cytoplasmic proteins that localise into the nucleus, and cytoplasmic
proteins often do not have disulfide bonds due to the reducing environment of the cytoplasm.
According to multiple sequence analyses of CDOs and PCOs from different species, some
cysteines are conserved throughout the different species, which implies that they are
important for either structure or function. Hayes, 2018 has done a homology modelling of
PCO alongside other CDOs and determined that some cysteines were potentially oriented to
form disulfides. Through differential labelling with iodoacetic acid (IAA), and mass
spectrometry, we can test if these cysteines are potentially protected in disulfide bonds or free
as expected from a cytoplasmic protein.
To determine whether the cysteines in PCO are bound in disulfide bonds or not, PCO was
treated with light IAA (58 Da) to label the “free” cysteines. The sample was then reduced to
break disulfide bonds and treated with heavy IAA containing two13C instead of 12C (60 Da) to
label “blocked” cysteines. The IAA alkylates free cysteines and prevents it from forming
disulfides. Using two different types of IAA with different weights lets us differentially label
the free from the bound cysteine. Sample was then digested using trypsin and analysed
through LTQ-Orbitrap. Of all cysteines, only C138 did not have any data observed (Fig. 3.4).
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Figure 3.4 Peptide coverage of tryptic digest of differentially labelled PCO1.
Sample was treated with light iodoacetic acid to label unbound cysteines, then reduced to
break disulfide bonds. It was then treated with heavy iodoacetic acid to label blocked
cysteines. Sample was then digested with trypsin, and separated and analysed via
LC-MS/MS. Peptides that were not observed are in grey. Cysteines were labelled with their
respective positions with red numbers. Labels were determined and analysed by Proteome
Discoverer.
Cysteines 21 (Fig. 3.5), 65, 230, and 237 (Appendix 2, 3, and 4) were all labelled with heavy
IAA, which means that they were “blocked” cysteines, and could not initially interact with
the light IAA. There was no significant evidence of any light IAA labels in these cysteines,
and were found to be convincing “blocked” cysteines. For example, the peptide containing
C21 had a m/z of 775.9 Da and a charge of +2 (Fig.3.5). The isotopic envelope contained 3
peaks, 0.5 Da apart, 775.9, 776.4, and 776.9 Da. Due to the 2 Da mass difference of the light
and heavy IAA and a charge of +2, if any light IAA traces were present, it would be 1 Da to
the left of the heavy IAA monoisotopic m/z. There was a peak found at 774.9 Da, however,
the distribution was not significant enough in relation to the heavy peak to conclusively say
there was light IAA present.
Figure 3.5 Identification of peptide containing C21 (figure on the next page). Top
left panel shows information about peptide fragment. The top right panel represents the intact
mass spectrum showing the isotopic distribution of the peptide. The bottom panel represents
the MS/MS spectrum. Fragment matches and spectrum indicate the quality of the peptide
analysis. Red represents the b+ ions, while the red represents the y+ ions.
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C129 was assigned a light IAA label, however, upon inspection of the raw MS spectrum,
there might be some minute evidence of heavy IAA labels due to analyses of the isotopic
envelope. The isotopic envelope contained 4 peaks, 972.46, 972.96, 973.46, and 973.96 Da
(Fig. 3.6). If heavy IAA was present, a peak at 1 Da (+2 charge) away from the main peak
(973.46) would be present. The height of the third peak was higher than expected, but not
significantly. Other peptides that contained this cysteine did not contain evidence of a heavy
IAA. This was then decided that C129 was most likely a free cysteine, although the sample
might not be homogenous and contain some that were not free.
C197 was labelled as both containing light IAA (Fig. 3.7) and heavy IAA (Fig. 3.8). The
spectra containing the light IAA had a monoisotopic m/z of 724.34 Da, and a +4 charge (Fig.
3.7). The isotopic distribution for heavy IAA would start at 724.84 Da, which was found,
however, the abundance of this peak was not significantly higher than the expected from the
light IAA distribution. On the other hand, the spectra containing the heavy IAA had a
monoisotopic m/z of 728.85 Da with a +4 charge (Fig. 3.8). There was evidence of a light
IAA isotopic distribution found at 728.35 Da that had a relative abundance of about 40. This
was enough evidence that this cysteine might be present as both free and blocked.
C219 was also labelled as both light (Fig. 3.9) and heavy (Fig. 3.10). The spectra containing
the light IAA isotopic distribution (Fig. 3.9) had a monoisotopic m/z of 1203.09 Da with a +2
charge. There was a peak at 1204.09 which would be where the heavy IAA isotopic
distribution would be found. However, upon inspecting the abundance of this peak, there was
no significant evidence that a heavy IAA isotopic distribution was present. The spectra
containing the heavy IAA labelled C219 as heavy also contained C230 (Fig. 3.10). The
peptide had a monoisotopic m/z of 1264.11 Da with a 2+ charge. The light IAA isotopic
distribution would be expected at 1263.11 Da, and there was no significant evidence for the
presence of this distribution. C230 was analysed in another peptide and had convincing







Figure 3.6 Identification of peptide containing C129 labelled with light IAA. Top
left panel shows information about peptide fragment. The top right panel represents the intact
mass spectrum showing the isotopic distribution of the peptide. The bottom panel represents
the MS/MS spectrum. Fragment matches and spectrum indicate the quality of the peptide
analysis. Red represents the b+ ions, while the red represents the y+ ions.
Figure 3.7 Identification of peptide containing C197 labelled with light IAA. Top
left panel shows information about peptide fragment. The top right panel represents the intact
mass spectrum showing the isotopic distribution of the peptide. The bottom panel represents
the MS/MS spectrum. Fragment matches and spectrum indicate the quality of the peptide
analysis. Red represents the b+ ions, while the red represents the y+ ions.
Figure 3.8 Identification of peptide containing C197 labelled with heavy IAA.
Top left panel shows information about peptide fragment. The top right panel represents the
intact mass spectrum showing the isotopic distribution of the peptide. The bottom panel
represents the MS/MS spectrum. Fragment matches and spectrum indicate the quality of the
peptide analysis. Red represents the b+ ions, while the red represents the y+ ions.
Figure 3.9 Identification of peptide containing C219 labelled with light IAA . Top
left panel shows information about peptide fragment. The top right panel represents the intact
mass spectrum showing the isotopic distribution of the peptide. The bottom panel represents
the MS/MS spectrum. Fragment matches and spectrum indicate the quality of the peptide
analysis. Red represents the b+ ions, while the red represents the y+ ions.
Figure 3.10 Identification of peptide containing C219 and C230 labelled with
heavy IAA. Top left panel shows information about peptide fragment. The top right panel
represents the intact mass spectrum showing the isotopic distribution of the peptide. The
bottom panel represents the MS/MS spectrum. Fragment matches and spectrum indicate the
quality of the peptide analysis. Red represents the b+ ions, while the red represents the y+
ions.
3.4 Bioinformatics
Bioinformatics were employed to make sense of the MS analysis of the potential of PCO1
cysteines to form disulfide bonds. Multiple sequence alignments were done using 198
sequences (Appendix 5) and 5 other species (Fig. 3.11) to highlight conservation of cysteines
and other sequence characteristics that might have potential roles in the protein. Homology
modelling of PCO1 was also performed based on the PCO2 structure by Chen et al., (2020)




PCO1       MGFEMKP---EKEVLELISSKNQCKSNPNSVKKKNKN--------KNKKMMMTWRRK--- 46
Cocoa      MGRATLADIKGKDFSELAKETKTNTEDTNKVSNTNKNRSTTTTSDSSRKKSRRRPKK--- 57
Tobacco    -------------------------------MGTEKNISDMKDKEYNKSKKRRR------ 23
Maize      MRV------ESSGGLPLPEL----------------------ERQQAGAKRRRRRA---R 29
Rice MRV------EAGGLPELGSG----------------------ARDPAGARRQRRRRQQRR 32
Rat CDO    ------------------------------------------------------------
65
PCO1       ------KIDSPADGITAVRRLFNTCKEVFSNGGPGVIPSEDKIQQLREILDDMK--PEDV 98
Cocoa      ------TTMPAAVVVSPVQRLFDTCKDVFALAGTGIVPTPDKIEQLRAVLDQIQ--PADV 109
Tobacco    --------RRRRREVSRVQKLYETCKQIFANCGPGVVPSPENVERVKAVLDNMT--EADV 73
Maize      AAAAAAAPRTMAAPATAVQRLFEACREVFTGAGPGAVPPPAGVERIKSVLDSIT--AADV 87
Rice       PAMPSAGAAAQPAPSPAVQGLFEACREVF-GASAGAVPSPAGVERIKSVLDSIS--AADV 89
Rat CDO    --ME----RTELLKPRTLADLIRILHELFAGDE-------VNVEEVQAVLEAYESNPAEW 47
129 138
PCO1       GLTPTMPYFRPNSGVEARSSPPITYLHLHQCDQFSIGIFCLPPSGVIPLHNHPGMTVFSK 158
Cocoa      GLTPQMPFFSLP---VTRRAPPITYQHIHECEKFSMGIFCLPPSGVLPLHNHPGMTVFSK 166
Tobacco    GLMPNMPYFKST---LSDGPPKIMYLHLHECDKFSIGIFCLPPSAVIPLHNHPGMTVFSK 130
Maize      RLTSSMPYFRRV---DPYGTPKITYLHLYKCEAFSIGIFCLPSRGVIPLHNHPGMTVFSK 144
Rice       SLTRNMSYFRRV---NSNGIPKITYLHLYECEAFSIGIFCLPPRGVIPLHNHPNMTVFSK 146
Rat CDO    ALYAKFDQYRYTRNL-----------VDQGNGKFNLMILCWGEGHGSSIHDHTDSHCFLK 96
197
PCO1       LLFGTMHIKSYDWVVDAPMRD---------------SKTRLAKLKVDSTFTAPCNASILY 203
Cocoa      LLFGTMHIKSYDWVVDVPSNASAV----VAPSQMQHREVRLAKVKVDSDFTAPCSASILY 222
Tobacco    LLFGKMHIKSYDWVDNLLPHQSTPSANISDNDTRDWTGLRLAKLKKNSEFTAPCKTSILY 190
Maize      LLFGAMHIKSYDWAASQQD----------TPDVQLQAGPRLAKVKVDGILTAPHETAVLY 194
Rice       LLFGELRVKSYDWADASQD----------STDAQLQ-GARLAKVKVDGTLNAPCATSVLY 195
Rat CDO    LLQGNLKETLFDWPDKKSNEMIKKSERTLREN------------------------QCAY 132
219 230 238
PCO1       PEDGGNMHRFTA---ITACAVLDVLGPPYCNPEG------R--------HCTYFLEFPLD 246
Cocoa      PADGGNMHCFTA---VTACAVLDVLGPPYSDPEG------R--------HCTYYFDYPFT 265
Tobacco    PADGGNMHCFTA---RTACAVLDVLGPPYCDPEG------R--------HCQYYYDFPFP 233
Maize      PEDGGNMHCFTA---QNACAVLDVLGPPYDDGSG------R--------HCQYYNVRSSA 237
Rice       PEDGGNLHCFTA---HTACAVLDVLGPPYDDGSG------R--------HCQHYNVSSSA 238
Rat CDO    INDSIGLHRVENVSHTEPAVSLHLYSPPFDTCHAFDQRTGHKNKVTMTFHSKFGIRTPFT 192
PCO1       KLSSEDDDVLSSEEEKEGYAWLQERDDNPEDHTNVVGALYRGPKVED- 293
Cocoa      KLSVD--GVTVAEEEKDKYAWLQEREEP--EDLAVVGAPYTGPEIVEN 309
Tobacco    NFS-D--GLSVPEEQQNKYAWLKEGEKP--EDFTVDGALYSGPDIIVN 276
Maize      -IS---VAGSTILPGGDRYEWLEESEPS--RDFYLVGSTYMGPKILDH 279
Rice       -PS---AGDSKPLPGDDGYAWLEECEPP--DNFHLVGSTYMGPRIVDN 280
Rat CDO    TSG--------SLENN-------------------------------- 200
Figure 3.11 Multiple sequence alignment of different cysteine dioxygenases.
Alignment performed on Uniprot under BLAST tool, and 6 sequences were chosen. A.
thaliana PCO1 (Q9LXG9), Theobroma cacao (Cocoa- A0A061EG79), Nicotiana tabacum
(Tobacco- A0A1S4AJ76), Zea mays (Maize- A0A1D6MI11), Oryza sativa subsp. japonica
(Rice- A0A0P0UZ10), and Rattus norvegicus (Rat- P21816).
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A PSI-BLAST of PCO1 was done and was filtered so that the remaining sequences had at
least 90% coverage. This yielded 198 sequences and Seq2Logo 2.0 to produce a sequence
logo (Appendix 5). The smaller alignment (Fig. 3.11) was done on UniProt (Q9LXG9
-PCO1_ARATH) under the BLAST tab, 4 sequences of a variety of plant species were
selected and Rat CDO were used for alignment. Rat CDO was included for comparison
between the plant and mammalian cysteine dioxygenases.
C21 and C230 were not conserved at all, while the rest of the cysteines were highly
conserved even in the broad sequence alignment. The active site histidines (highlighted in
turquoise in Fig. 3.11) were completely conserved in the 6 sequences, however, were not
completely conserved in the broader alignment. This suggests that there are other related
oxygenases that might use an alternative residue to bind the iron.
Homology modelling of PCO1 was done on SWISS-MODEL using the structure of PCO2 by
Chen et al., (2020) (Fig 3.12). Coverage of this model starts from R59, and has a sequence
identity of 63.32%.
Figure 3.12 PCO1 homology modelling using PCO2 as template. Model was created on
SWISS-MODEL using the PCO2 structure by (Chen et al., 2020). Active site histidines were
highlighted in turquoise. Visualised using PyMOL Version 2.0.
Based on the homology modelling, C65 and C129 (Fig. 3.13) were in close proximity that a
potential disulfide may be formed, however, a conformational change may need to occur
between the outer helix and the active site to close the distance between these two cysteines.
These two cysteines were relatively conserved across the broad alignment (Appendix 5).
Although the model shows potential for disulfide formation between these two cysteines, the
MS results do not match this. The MS results showed that C65 was a blocked cysteine,
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however, C129 was a free cysteine. The MS experiment does not confirm whether the
cysteines were in fact in disulfides, it only showed whether the cysteines were free or blocked
and the IAA could not bind to it unless reduced. C65 may not be bound to C129 in a
disulfide, but might be bound to something else blocking the light IAA in the initial labelling.
Figure 3.13 Structure of PCO1 highlighting C65 and C129. Cysteines highlighted in
yellow. C129 (left) sits on the beta sheet in the active site, while C65 (right) sits on the
adjacent helix. Visualised using PyMOL Version 2.0.
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Figure 3.14 Structure of PCO1 highlighting C138 (right) and C219 (left). Cysteines
highlighted in yellow, C138 and C219 sitting on adjacent sheets. Visualised using PyMOL
Version 2.0.
C138 and C219 were in very close proximity to each other, both sitting on adjacent sheets in
the active site. Both cysteines were both relatively conserved across the broad alignment.
C138 was not covered in the MS experiment, and the C219 data were inconclusive whether it
was free or blocked. C219 was labelled as both free and blocked, however, the peptide that
showed C219 as blocked contained C230 which had convincing evidence to be blocked.
C219 showed to be at least free in a portion of the molecules.
C230 and C237 were close together, however, a conformational change might need to occur
for them to be close enough to form a disulfide bond. C230 was barely conserved at all, but
C237 was quite well conserved. Both these cysteines had convincing evidence that they were
blocked. These analyses give convincing evidence that these two cysteines might be bound in
disulfides, but whether they are bound to each other, is unclear. This disulfide might be
important since it was situated on the opening of the active site, however, C230 was not
conserved, which means that related dioxygenases would have to use an alternative
mechanism to control this end of the active site if this was important for function.
Lastly, C197 was highly conserved across the broad alignment, which indicated potential
importance (Appendix 5 and Fig. 3.11). The MS experiment indicated that C197 had strong
evidence to have both free and blocked variations (Fig 3.7 and 3.8), which was interesting.
According to homology modelling, C197 was not in close proximity to any other cysteines,
which eliminated the possibility of a disulfide with a neighbouring cysteine. This meant that
it had to be blocked by something else, and that this was an important interaction.
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Figure 3.15 Structure of PCO1 highlighting C230 and C237. Cysteines highlighted in
yellow, C237 (left) and C230 (right) sitting across each other on loops sitting on the active
site opening. Visualised using PyMOL Version 2.0.
Figure 3.16 Structure of PCO1 highlighting C197. Highlighted in yellow, C197 sits on a
loop on the proximity of the active site opening. Visualised using PyMOL Version 2.0.
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Chapter Four
RAP-reporter system development and
nuclear localisation signal characterisation
4.1 Multi-site Gateway® Cloning
Multi-site Gateway® Cloning (ThermoFisher Scientific) technology was employed to
generate PCO and RAP2.12 expression constructs for confocal microscopy and RAP reporter
system development. This technology is based on the enzyme DNA sequences used by
lambda bacteriophage to site-specifically integrate into E. coli (Landy, 1989). The system
uses an integrase/att system (Landy, 1989), and has two main reactions: BP and LR reaction
(Katzen, 2007). Recombination between site specific attachment (att) sites; attB on E.coli
DNA and attP on the Lambda chromosome to produce attL (Fig. 4.1) and attR sites flanking
the DNA insertion (Fig. 4.2) (Landy, 1989). Multi-site gateway cloning uses these att sites
and isolated enzymes to recombine DNA in vitro (Hartley, 2000). PCR products or other
DNA fragments with attB sites can be recombined into entry vectors with corresponding attP
sites via BP reaction to form an entry clone. BP reactions form attL sites around the inserted
PCR or DNA (Fig. 4.1), attL sites can then be recombined with attR sites of a destination
vector via LR reaction to form an expression vector (Fig. 4.2). Specific att sites can only
recombine with each other and using multiple variations of att sites allows Gateway cloning
to recombine up to three donor clones and a destination vector in a predefined order,
orientation and reading frame (Fig. 4.2) (Cheo et al., 2004).
Recombination between phage lambda and E. coli DNA occurs in specific sequences called
att sites, these sites are not palindromic and have an orientation (Invitrogen, 2010). This
recombination is conservative and does not require DNA synthesis (Bushman et al., 1985;
Katzen, 2007). The BP reaction mimics the lysogenic pathway and is catalysed by phage
lambda Integrase (Int) and E. coli Integration Host Factor (IHF) proteins (makes up BP
Clonase II mix). The LR reaction mimics the lytic pathway and is catalysed by the phage
lambda Int and Excisionase (Xis) proteins, and the E. coli IHF protein (makes up LR Clonase
II Plus mix) (Landy, 1989).
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Figure 4.1 Schematic diagram of BP reaction from Gateway® Cloning. Dark blue
represents the designed DNA of interest with flanking attB sites, e.g. PCO1. Specific attB
and attP sites combine to form specific attL sites, this allows for multi-site LR reaction. The
donor vector used was Gateway™ pDONR™221 Vector (ThermoFisher Scientific).
Successful clones were selected for using Kanamycin resistance and ccdB gene, represented
in grey.
Recombination of the attB and attP sites forms attL and attR sites ready for an LR reaction
(Fig. 4.1). To select for vectors containing the DNA insert, a ccdB gene is present in the
“empty” vector. The ccdB protein interferes with DNA gyrase present in E. coli and inhibits
its growth (Bernard and Couturier, 1992). When the gene of interest is inserted, this will
replace the ccdB gene, therefore, cells that take up the empty vector will have no growth,
negatively selecting for the recombined vectors.
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Figure 4.2 Schematic diagram of LR reaction from Multi-site Gateway®
Cloning. Dark blue represents the DNA of interest, and three entry clones containing the
promoter (UBQ10 in purple), DNA of interest, and fluorescent protein tag (GFP in green)
were used. The promoter, and fluorescent protein tag contain a variation of the att sites used
with the DNA of interest, this allows for specific multi-site recombination to occur. Final
expression clones were selected for using spectinomycin resistance.
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4.1.1 PCO1 constructs
Figure 4.3 Sequence of PCO1 constructs used to generate fragments flanked by
attB sites for Gateway® Cloning. PCO1 construct was the full length sequence of PCO1 as
reported on Uniprot (Q9LXG9), and TAIR, including the flanking attB sites, was 939 bp
long. N-terminus (NTD) construct was made from 1-171 nt, and was 231 bp long including
attB sites. C-terminus (CTD) construct was made from 160- end, and was 783 bp long
including attB sites. Finally, the nuclear localisation signal (NLS) construct was made from
the theorised bipartite NLS by Hayes from 85-141 nt, and was 126 bp long.
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PCO1 has a conserved region that previous domain analyses had proposed to be a bipartite
nuclear localisation signal (Hayes, 2018). To test out this potential nuclear localisation in
vivo, different PCO1 constructs (Fig. 4.3) were fused to a ubiquitin-10 (UBQ10) promoter on
the N-terminus and a green fluorescent protein (GFP) on the C-terminus using Invitrogen's
Multi-site Gateway® Cloning system (Invitrogen, 2010). For developing a RAP reporter
system, wild type (RAP_WT) and a modified RAP (RAP_C2S) were fused to a ubiquitin-14
(UBQ14) promoter on the N-terminus and a tandemTOMATO (tdTOM) fluorescent tag on
the C-terminus. The modified RAP contains a single base change in the second codon (TGT
→ AGT) that resulted in an N-terminal serine instead of a cysteine. The resulting destination
clones were then transformed into A. tumefaciens for N. benthamiana infiltration. This
allowed for in vivo analysis and visualisation of the different constructs via confocal
microscopy and fluorescence assays.
Different constructs of PCO1 were designed with the flanking attB sites (Fig. 4.3), and these
fragments were inserted into a donor vector (pDONR221) using BP Clonase to produce a
donor clone (Fig.4.1). To verify that the BP reaction was successful, the resulting plasmids
were transformed into DH5α cells and were selected for using kanamycin resistance.
Colonies present were then screened via colony PCR using att site primers. For each BP
reaction, 8 random colonies, if possible, were chosen as template for the PCR mix. Using
M13 primers that sit on either side of the att sites (Fig 4.1.), the target DNA including the
flanking att sites were amplified. Samples were then loaded onto agarose gel and PCR
products with the correct band sizes expected from the target DNA were then sent for
sequencing to ensure that there were no base changes that could potentially affect the
subsequent steps.
Figure 4.4 Gel electrophoresis of colony screening. (Top panel) Eight randomly
selected CTD colonies. (Bottom panel) Lanes 1-7 contained randomly selected  NTD
colonies. Lane 8 contained the single NLS colony obtained from the BP reaction. 1 Kb Plus
DNA Ladder was used.
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After the plasmid (donor clones) were transformed into DH5α, only CTD, NTD, and NLS
had colonies. These colonies were screened via colony PCR (Fig.4.4). CTD and some NTD
colonies show the correct expected band sizes. The single NLS colony had the incorrect size,
however, was still tested to check the sequence. CTD7, NTD4, and NLS were grown
overnight in 5 mL LB with kanamycin. The plasmids in these colonies were then extracted
and sent for sequencing using M13 primers (Fig. 4.1). The BP reaction for FL and NLS were
re-attempted, and resulting colonies were screened and sent for sequencing as well.
After colonies were sent for sequencing, only pDONR221-FL and -CTD had colonies that
contained the correct sequence, and were pushed through to the LR reaction. NTD4 had a
single base change present on the edge of its attP2 site, which was initially thought to be a
minor change and would not cause any issues. However, after several tries of the LR reaction
using this colony, it was evident that this base change caused the recombination to be
unsuccessful, not yielding any colonies. To resolve this, attB site primers (LB159 and LB160
from the Brownfield Lab) were used to amplify fragments from the existing designed NTD
fragments containing att sites. This would correct the base change present in the “defective”
attP2 site.
There were no correct pDONR221-NLS plasmids obtained, bands were always incorrect in
size, and none contained the correct sequence. This was hypothesised to be a fault in the
original plasmid sent by the manufacturer that contained the designed NLS construct with its
flanking att sites. To attempt to resolve this, NLS forward and reverse primers were designed.
These primers were designed to contain flanking att sites, and were used to amplify the NLS
from the existing PCO1 construct.
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Figure 4.5 Gel electrophoresis of PCR products of NTD, NLS, and RAP
constructs. NTD and NLS were amplified using designed primers from the PCO1 construct.
RAP products were amplified from A. thaliana cDNA using designed primers for a wild type,
and a modified RAP2.12 (See Section 4.1.2) (L) Ladder used is 1kb Plus from ThermoFisher.
Bands highlighted in the red boxes were purified using Zymoclean gel DNA recovery kit.
After amplification of NTD, and NLS, samples were loaded onto an agarose gel and the
correct bands were purified using a gel DNA recovery kit. The DNA isolated from this gel
(Fig. 4.5) were used in another attempt of BP reaction. RAP constructs were amplified from
A. thaliana cDNA (see section 4.1.2 RAP constructs). These were also purified similarly to
NTD and NLS samples, and were used in BP reaction.
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Figure 4.6 Gel electrophoresis of colony screening for NTD, and NLS constructs.
Randomly selected colonies selected from NTD and NLS BP reactions using “corrected”
PCR products. NTD was expected to be at 462 bp long, while NLS at 357 bp long.
Colonies containing plasmids of the expected size were obtained for pDONR221-NTD, and
-NLS (Fig.4.6). These colonies were sent for sequencing, but only NTD had sequences that
were correct and none of the NLS sequences were correct. The correct pDONR221-NTD was
then used for the subsequent LR reaction.
In order to fuse these constructs pDONR221-PCO1, - NTD, and - CTD to a UBQ10 promoter
and a green fluorescent protein (GFP), initially, the donor clones were used in a single site
LR-reaction, using a destination vector that already contained the promoter and the
fluorescent tag. This attempt was unsuccessful due to a faulty ccdB gene on the destination
vector. This meant that plasmids that contained the insert were not selected for. Instead of the
expected 1-3 colonies, thousands of colonies were present. A multi-site LR reaction was then
employed instead, using donor clones containing a promoter, a fluorescent tag, the gene of
interest, and a destination vector containing three recombination sites instead of one (Fig.4.2).
The expression clones obtained from the LR reaction were transformed into TOP10 cells and
were selected for spectinomycin resistance.
To ensure that recombination was successful, destination clones were sent off for sequencing,
however not all clones came back with interpretable results. Therefore, as another check,
destination clones were amplified using designed primers that sit on the promoter (forward
primer) and on the fluorescent tag (reverse primer), these primers were provided by the
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Brownfield lab. Restriction digests were also tried, but were unsuccessful and
uninterpretable. All PCO1 constructs, except NLS, were successfully cloned, and were
transformed into A. tumefaciens for infiltration.
4.1.2 RAP2.12 constructs
For the purpose of developing a RAP reporter system, a wild type RAP2.12 (RAP_WT) and a
modified RAP2.12 (RAP_C2S) were also inserted into a donor vector via BP reaction.
However, these were not designed as fragments with flanking attB sites due to their size.
RAP2.12 primers were designed and contained the flanking attB sites. These primers were
then used to amplify RAP DNA from A. thaliana cDNA obtained from the Brownfield lab
(Fig. 4.5). The modified RAP2.12 containing an N-terminal serine instead of a cysteine was
obtained by designing its forward primer with a base change compared to the wild type RAP.
This changed the N-terminal amino acid to serine when it was expressed.
The RAP constructs were recombined with the same donor vector used for PCO constructs
(pDONR221) via BP reaction. These donor clones were transformed into DH5α cells, grown,
and several colonies were screened using colony PCR (Fig. 4.7). Colonies containing
plasmids of the expected size were obtained for both wild type and modified RAPs, however,
only one pDONR221-RAP_C2S had the correct size. RAP_WT 1 and 2 were sent for
sequencing along with the singular RAP_C2S colony. These all came back with the correct
sequence, and were then used for the LR reaction.
Figure 4.7 Gel electrophoresis of colony screening for RAP2.12 constructs.
Random colonies selected from RAP2.12 BP reactions using DNA amplified from A.
thaliana cDNA. Both WT and C2S were expected to be at 1308 bp long. Red box highlights
the only correct C2S colony obtained.
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For the LR reaction, different components were used for the RAP constructs, though the same
protocol was followed as for the PCO1 constructs. The destination vector still contained the 3
att sites required for the promoter (UBQ14), the target DNA (RAP), and the fluorescent tag
(tdTOM), however, it contained a 35S:GFP gene, which served as a normalisation control for
the vector. A 35S:FL (full length PCO1 without a C-terminal GFP) was also made using a
single site LR reaction using the pDONR221-PCO1 form the PCO1 constructs. This was
used in the assays to develop a RAP2.12 reporter system. All these destination vectors were
transformed into A. tumefaciens for N. benthamiana infiltration.
Any expression vectors not mentioned in the previous sections were provided by the
Brownfield Lab.
In summary, for RAP2.12 report system development, UBQ14-
RAP_WT/RAP_C2S-tdTOM, and 35S:FL constructs were made using Multi-site Gateway®
Cloning. For nuclear localisation signal characterisation, UBQ10-PCO1/NTD/CTD-GFP
constructs were successfully cloned. For future experiments, successfully cloning the
theorised NLS could provide insight to the localisation of PCO1 in vivo.
4.2 RAP2.12 reporter system development
The RAP2.12 constructs were used to develop a reporter system in N. benthamiana leaves.
RAP WT and C2S were co-infiltrated with 35S:FL (full length PCO1), and 35S:GUS to see
the effects PCO1 had on the levels of RAP2.12, and the effect of having an N-terminal serine
on the RAP instead of a cysteine. 35S:GUS, 35S:PAP, and DFR-H2B-tdTOM were used as
controls. PAP is a transcription factor that initiates expression from the DFR promoter.
Co-infiltration of 35S:PAP and DFR-H2B-tdTOM should cause an accumulation of
H2B-tdTOM; this was used as positive control. Co-infiltration of 35S:GUS and
DFR-H2B-tdTOM will not cause any accumulation of H2B-tdTOM since this 35S:GUS will
not have any effect on the DFR promoter, this was used as negative control. The expression
clones containing the RAP constructs and DFR-H2B-tdTOM also contain a 35S:GFP. This
acted as a housekeeping control, accumulation of GFP means that infiltration and expression
of the expression clone was successful.
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Figure 4.8 Bar graph of GFP and RFP levels present in each co-infiltration.
Co-infiltrations of RAP constructs with 35S:FL and 35S:GUS were used to develop the RAP
reporter system. Expression vectors containing RAP constructs and DFR-H2B contained
35S:GFP as control. Co-infiltration of 35S:PAP and DFR-H2B-tdTOM was used as positive
control. Fluorescence readings were measured using POLARstar OMEGA plate reader.
Analysis was done on GraphPad Prism, error bars measure standard deviation.
For each co-infiltration, 12 leaf samples were measured: 2 samples from a leaf, 2 leaves from
each plant, and 3 plants for each co-infiltration. Each measurement was averaged and
normalised to the highest reading for each fluorescence type and were graphed to show the
different levels of GFP and RFP for each co-infiltration (Fig. 4.8).
GFP measurements showed that infiltrations of RAP_WT and DFR-H2B were not entirely
successful. GFP should have been detected for each co-infiltration, however, RAP_WT did
not have any, and only one of the DFR-H2B co-infiltrations showed any GFP accumulation.
RAP_C2S co-infiltrations and 35S:PAP/ DFR-H2B on the other hand show successful
expression, although expression levels were not the same across the board. RFP levels were
almost non-existent to most co-infiltrations, except for the positive control.
35S:PAP/DFR-H2B showed an accumulation of RFP, which was the expected result.
RAP_C2S detected GFP but not tdTOM, this was unexpected. Accumulation of
RAP_C2S-tdTOM was expected due to the change of the N-terminal cysteine disrupting the
pathway for its degradation.
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Figure 4.9 Visualisation of GFP from RAP_WT/35S:GUS infiltration via
confocal microscopy. Image shows only two plant cells with GFP accumulation.
Inconsistent GFP levels in the different co-infiltrations suggest an issue with infiltration of
expression clones into the cells and expressing the fused proteins. Under a confocal
microscope, the expression of GFP was not consistent throughout the leaf (Fig. 4.9), and only
a couple of cells had expression. This showed that infiltration was not as efficient as it could
have been. Norkunas et al., 2018 discuss ways of improving the efficiency of transient gene
expression using agroinfiltration.
4.3 Nuclear localisation signal characterisation
Expression vectors containing the different PCO constructs (full length (FL), CTD, and NTD)
fused to GFP were used to infiltrate N. benthamiana leaves to characterise nuclear
localisation. These vectors were co-infiltrated with a control expression vector UBQ10- H2B-
RFP, which contains a histone protein that localises in the nucleus. Transient expressions of
these constructs in the leaves were visualised using confocal microscopy.
-NTD also showed inconsistent expression throughout the leaf, and there were difficulties in
finding a good example of its localisation behaviour. PCO-FL and -CTD were infiltrated on
the same day, and used plants grown in the same batch, while -NTD was infiltrated at the
same time as the RAP2.12 co-infiltrations, due to some difficulty in the cloning process. The
inconsistent expression in -NTD was also seen in the RAP reporter system fluorescence
assays.
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Figure 4.10 Visualisation of transient expression of PCO constructs in N.
benthamiana leaves using confocal microscopy. PCO constructs (Rows 1-3; FL, CTD, and
NTD) fused with GFP shown in green (column 1), histone control (H2B) fused to RFP shown
in red (column 2), and yellow shows the overlap of GFP and RFP probes (column 3).
H2B-RFP was used as a control to show nuclear localisation.
The H2B-RFP control for both -FL and -CTD show nuclear localisation clearly, while the
control for -NTD did not. Full length PCO-GFP was mostly localised in the nucleus.
CTD-GFP and NTD-GFP were localised in both the nucleus, and the cytoplasm, and showed
several localisations compared to the full length PCO (Fig. 4.10). Results for PCO-FL and
-CTD were as expected. Weits et al., 2014 has shown that PCO1 localises in the nucleus, and
CTD was designed to not contain the theorised NLS by Hayes, 2018. The NTD construct,
however, was designed to contain the proposed NLS, but was not exclusively localised in the
nucleus. This showed that the proposed NLS might not be exactly correct, or it might be
interacting with something in the C-terminal end of PCO1 to be able to localise the enzyme in
the nucleus. The localisation of CTD and NTD in both the cytoplasm and nucleus was as
expected if they did not contain the NLS. Some proteins can localise in the nucleus passively,





PCO1 was found to have potential disulfide bonds and that the full length localised in the
nucleus actively. PCO1 was expressed and purified, and was used to analyse the availability
of its cysteines to form disulfide bonds. According to differential labelling and MS analysis,
most PCO1 cysteines had the potential to be bound in a disulfide bond, however, these
experiments could not confirm whether they were bound in disulfides or a different
interaction. Based on the homology modelling of PCO1, C65 and 129 were structurally close
to each other, and could potentially form a disulfide with each other, however, C129 was
labelled as a free cysteine. This meant that if C65 was a blocked cysteine, it was blocked by
another interaction. C138 and 219 were positioned next to each other, while C138 was not
covered in the MS analysis, C219 was labelled as both free and blocked. This posed the
possibility of C219 having a dynamic interaction perhaps with C138, indicating that the
sample was not homogenous. C230 and 237 were also structurally close to each other, and
both were labelled as blocked cysteines. These two cysteines could potentially form a
disulfide bond with each other, however, if this bond was important for function, it was
interesting to note that C230 is not conserved. C197 is well conserved, and had strong
indications for being both free and blocked, despite not being structurally close to another
cysteine. This opened up the possibility of these cysteines to be blocked by other potentially
important interactions. This cysteine could also be dynamic, since it was present in the
sample as both forms. Purified PCO1 was also tested if it was enzymatically active. Kinetic
assays performed were unsuccessful and PCO1 activity could not be determined.
PCO1 was known to localise in both the cytoplasm and the nucleus (Weits et al., 2014).
PCO1 constructs fused with GFP transiently expressed in tobacco leaves showed that full
length PCO1 was predominantly localised in the nucleus, while the N-terminal domain
(NTD), and PCO1 without the N-terminal domain (CTD) were found to be localised in both
the cytoplasm and nucleus. It was unclear which part of PCO1 contained the nuclear
localisation signal. Both the N-terminus and C-terminus were  required to localise PCO1 into
the nucleus, however, due to the size of each recombinant protein, this incomplete
localisation might also be due to passive transport through the nuclear pores. The
recombinant proteins, even the full length PCO1 with a fused GFP fall under the 30-60 kDa
threshold for passive nuclear transport (Timney et al., 2016). This would explain why NTD
and CTD could be found in both the cytoplasm and the nucleus. This also meant that the full
length PCO1 was actively localised in the nucleus, and kept in the nucleus, otherwise it could
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be transported out of the nucleus passively, and be present in the cytoplasm as well. If the full
length PCO was also actively localised in the nucleus, perhaps the truncated constructs did
not have the necessary feature to keep the protein in the nucleus.
Cysteines can be in several different states: free, intra protein disulfide bond, forming a
disulfide bond to free cysteine, or in a higher oxidation state. It is rare for cytoplasmic
proteins to contain disulfide bonds, and based on findings, the cysteines of PCO1 had
potential to be in disulfide bonds, and were certainly found to be interacting with something
to block the the initial IAA label and only interacted with the heavy IAA label once these
interactions were reduced. This suggested that redox signalling was involved with PCO1
activity and function. The enzyme glyceraldehyde-6-phosphate dehydrogenase C depends on
thiol redox for its nuclear translocation and its DNA binding activity (Holtgrefe et al., 2008;
Testard et al., 2016; Vescovi et al., 2013). We hypothesise that this might be one of the
purposes for disulfide bonding and redox signalling in PCO1. Reducing conditions in the
cytoplasm could break open disulfide bonds protecting the NLS, and therefore, exposing the
NLS and DNA binding domain and causing nuclear translocation and DNA binding. DNA
binding could be what is keeping the protein in the nucleus, once PCO1 has translocated into
the nucleus, the DNA binding domain could bind to the DNA, keeping PCO1 in position to
carry out its activity. Most NLS and DNA binding domains in proteins have been found to
overlap (Cokol et al., 2000). The theorised NLS is on the N-terminus of PCO1, and this part
was found to be quite disordered, and was not included in the template crystal structure used.
This made it difficult to see where or how the NLS is positioned, and we were unable to
confirm this hypothesis. Hayes (2018) has also shown that PCO1 binds DNA, but only when
the N-terminus is present.
Once in the nucleus, PCO1 is in prime position to oxygenate RAP2.12 to disable hypoxia
response during normoxic conditions. Hayes (2018) found that the N-terminus of PCO1
bound DNA. We hypothesise that PCO1 binds DNA to position itself, and be ready to
“deactivate” the hypoxia response transcription factors once they are no longer needed. There
is evidence that shows ROS accumulation in the nucleus (Ashtamker et al., 2007), H2O2 has
been shown to move freely from the cytoplasm into the nucleus through the nuclear pores
(Bienert et al., 2007; Rodrigues et al., 2017). Cysteines are redox sensitive, and ROS could
further oxidise the sulfur to sulfenic, sulfinic, and sulfonic acids. These thiol groups can also
interact with reactive nitrogen species or S-glutathionylation. These interactions are
reversible via a thiol reduction system. This would alter the activity of PCO1 if any of these
modifications occur.  This oxidising environment could cause a conformational change in
PCO1 and alter its activity. These higher oxidation states of cysteines could explain how
some cysteines were “blocked” while their partner would be “free”. These cysteines, if
oxidised to a higher state, would have been detected by the MS analysis, however, we cannot
rule out their existence. The detectable population were predominantly free or blocked, but
we might have some that were not detected, like C138.
We hypothesise that PCO1 is positioned in the nucleus ready to deactivate the transcription
factor once normoxia returns. This is important as to not prolong the hypoxia response longer
than it needs to. Hypoxia response includes an energy deficit, increased anaerobic
fermentation, and increased production of ROS. Prolonged hypoxia response means
continued impaired metabolic pathways due to less energy available, an increased build up of
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Appendix 1. Data from Ellman’s assay to test for kinetic activity of PCO1. First
panel was a standard curve done with free L-cysteine. Succeeding graphs show substrate
depletion over time with its corresponding protein concentration. The last panel was the





Appendix 2. Identification of peptide containing C65. Top left panel shows
information about peptide fragment. The top right panel represents the intact mass spectrum
showing the isotopic distribution of the peptide. The bottom panel represents the MS/MS
spectrum. Fragment matches and spectrum indicate the quality of the peptide analysis. Red
represents the b+ ions, while the red represents the y+ ions.
Appendix 3. Identification of peptide containing C230. Top left panel shows
information about peptide fragment. The top right panel represents the intact mass spectrum
showing the isotopic distribution of the peptide. The bottom panel represents the MS/MS
spectrum. Fragment matches and spectrum indicate the quality of the peptide analysis. Red
represents the b+ ions, while the red represents the y+ ions.
Appendix 4. Identification of peptide containing C237. Top left panel shows
information about peptide fragment. The top right panel represents the intact mass spectrum
showing the isotopic distribution of the peptide. The bottom panel represents the MS/MS
spectrum. Fragment matches and spectrum indicate the quality of the peptide analysis. Red
represents the b+ ions, while the red represents the y+ ions.
Appendix 5. Large-scale multiple sequence alignment with 198 sequences
obtained from a PSI-BLAST (figure on the next page). A PSI-BLAST was done using the
sequence of PCO1, and was filtered so that the only sequences with at least 90% coverage
were left. Seq2Logo 2.0 was used to generate this sequence logo.
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